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Castelle et al. expand understanding of archaeal diversity by genomically sampling a little-studied branch of the domain. They resolve two new phyla within a major superphylum radiation. The organisms have small genomes and limited metabolic capacities; their primary biogeochemical impact appears to be on anaerobic carbon and hydrogen cycles.
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Introduction
Archaea constitute a considerable fraction of the microbial biomass on Earth. The earliest archaeal phylogenetic trees contained only cultured Archaea (hyperthermophiles, halophiles, and methanogens) and included just two phyla, Crenarchaeota and Euryarchaeota [1] . New genomes and 16S rRNA gene sequences have dramatically expanded and reshaped the archaeal tree, and several new phylum-level lineages and two superphyla have been proposed. First, a new archaeal branch [2] , now represented by one genome [3] , was recognized as the phylum Korarchaeota. Second, Archaea [4] that belong to the recently defined Thaumarchaeota phylum were isolated [5] . This phylum comprises all known ammonia-oxidizing Archaea (AOA). Third, recent metagenomic analyses provided the genome of uncultivated crenarchaeote Candidatus (Ca.) ''Caldiarchaeum subterraneum'' that has been proposed to constitute a novel phylum, Aigarchaeota [6] . Together, the Thaumarchaeota, Aigarchaeota, Crenarchaeaota, and Korarchaeota were proposed to constitute an archaeal superphylum, referred to as TACK [7] . Fourth, a new phylum (suggested name Bathyarchaeota; [8] ) was proposed within the TACK superphylum. This phylum was defined from within the ''Miscellaneous Crenarchaeota Group'' and includes MCGE09, which plays roles in protein remineralization in anoxic marine sediments [9] . Fifth, a novel hyperthermophilic nanoarchaeal phylum was defined [10] . Other distantly related Nanoarchaea include very deep-branching mesothermophilic archaeal Richmond Mine acidophilic nanoorganism (ARMAN) groups discovered in acid mine drainage biofilms [11, 12] and Nanohaloarchaea described from a hypersaline environment [13] . Two other phylum-level groups predicted to be comprised of small archaeal cells, the Diapherotrites and Aenigmarchaeota, were suggested based on partial single-cell genome sequences [14] . In combination, Diapherotrites, Parvarchaeota (ARMANs that also include Micrarchaeota [12, 15] ), Aenigmarchaeota, Nanoarchaeota, and Nanohaloarchaea form a monophyletic superphylum referred to as DPANN [14] .
Nanoarchaeum equitans has w400-nm-diameter cells and a w490-kb genome [10, 16] . It lacks many genes encoding core biosynthetic pathways, consistent with a symbiotic or parasitic lifestyle. These characteristics are shared by a second member of the Nanoarchaeota phylum, Candidatus ''Nanobsidianus stetteri'' (Nst1) [17] . Similarly, the ARMAN Nanoarchaea have w500-nm-diameter cells and w1-Mb genomes and live in association with Thermoplasmatales [12] , sometimes with direct cytoplasmic contact [18] . Nanohaloarchaea such as Candidatus ''Nanosalina sp. J07AB43'' and ''Nanosalinarum sp. J07AB5'' live in communities dominated by Halobacteriales Archaea and also have small genomes [13] .
Metabolic insight for some uncultivated Archaea was achieved by sequencing of enrichment cultures, e.g., for Korarchaeum cryptofilum [3] and, in the case of Nanoarchaeum equitans, by cocultivation with its host, Ignicoccus hospitalis [10, 16] . Metagenomic methods have provided insights into the biology of uncultivated Thermoplasmatales Euryarchaeota, ARMAN, and other lineages [8, 12, 19, 20] . Here, we used cultivation-independent metagenomic methods that leveraged deep sequencing to detect novel Archaea in the terrestrial subsurface and to uncover their potential roles in biogeochemical cycling. We used genomic sampling of 100 different Archaea to define two novel phyla in aquifer sediments and associated groundwater. Detailed metabolic analyses were based on fourteen draft and two complete genomes, the first complete (closed) archaeal genomes reconstructed from metagenomic data. Overall, our results markedly expand the genomic sampling of the domain Archaea and improve resolution of physiology and the structure of the newly proposed DPANN superphylum.
Results and Discussion
Sample Collection This study was conducted in an aquifer adjacent to the Colorado River, near Rifle, CO, USA ( W; 1,617.5 m above sea level). DNA was extracted from sediment and filtered groundwater samples and was sequenced (paired 150-bp Illumina HiSeq 2000 reads). Drilling-recovered organic-rich sediments were obtained from 4, 5, and 6 m below ground surface in 2007 [21, 22] . Sediments from 4 m depth experience strong variations in redox status due to seasonal variations in groundwater elevation. Assembly of the 163 Gbp of DNA sequence generated from the three sediment samples yielded w1.24 Gbp of sequence of contigs > 5 kbp (Supplemental Experimental Procedures). Previously, profiling of the 5-m sample indicated the presence of novel Archaea [21] .
A time series of anoxic groundwater samples were collected prior to (A) and during (B-E) an acetate biostimulation experiment, and after acetate addition ceased (F) in 2011 (Figure 1A ; Table S1 ). Reduction of ferric iron was detected after w6 days, and sulfate reduction after w20 days. Methane monitoring began on day 79 ( Figure 1A ). For each groundwater sample, biomass was collected from 0.1-and 0.2-mm filters after groundwater was passed through a 1.2-mm prefilter (Supplemental Experimental Procedures). This strategy was designed specifically to target small cells, which were predicted to be abundant based on enrichment of organisms with small genomes in previous acetate amendment experiments [23] . Overall, w0.2 Tb of shotgun genomic sequence data was acquired for the groundwater samples. Assembly of this dataset using IDBA_UD [24] yielded 3.08 Gb of genome sequence on contigs > 5 kb (Supplemental Experimental Procedures; Table S1 ). The 0.2-mm filters were also used for RNA extraction and metatranscriptome sequencing (Supplemental Experimental Procedures).
Ribosomal protein S3 was chosen as a single-copy phylogenetic marker, and the number of reads mapping to each rpS3-encoding scaffold was quantified to track organism abundance throughout the experiment ( Figure 1B ). Most groundwater-associated Archaea were detected prior to acetate amendment and decreased in relative abundance following acetate addition ( Figure 1B) . A few Archaea were detected near the onset of sulfate reduction, but none proliferated during the phases marked by increased ferrous iron and methane in the groundwater. Most likely, methanogenic Archaea had proliferated but were either nonplanktonic or removed by the 1.2-mm prefilter. The transcriptomic response of AR10 to acetate addition is discussed below.
Improved Resolution of the Archaeal Domain
To examine archaeal diversity and novelty, we used rpS3 genes to identify scaffolds with a conserved, syntenic block of ribosomal proteins [21, 22, 25, 26] . Unlike other methods that use concatenation of proteins distributed across the genome for phylogenetic classification, no assignment of scaffolds to genome bins is required with this method [21, 22] .
A B Figure 1 . Unamended and Acetate-Stimulated Groundwater (A) Groundwater samples were collected prior to (sample A), during (samples B-E), and after (sample F) acetate injection to the subsurface. Geochemical conditions during iron reduction, sulfate reduction, and methane production are indicated (methane monitoring began on day 79). Reduction of ferric iron was detected after w6 days and sulfate reduction after w20 days, as evidenced by increases in ferrous iron (Fe 2+ ) and decreases in sulfate at the sampling well, respectively. (B) Relative abundance of subsurface Archaea. Abundance metrics were calculated utilizing total dataset size and coverage of ribosomal proteincontaining scaffolds. The number of reads mapping to each scaffold was quantified to track abundance of Archaea throughout the acetate amendment experiment and to define the response to acetate addition. The rank abundance of archaeal genome bins (including AR1 to AR21) in sample A (0.2-mm filter) is shown in the line graph to the left of the heatmap.
Because these genes occur in single copy in genomes, each scaffold encoding the ribosomal protein block represents a distinct organism. The concatenated ribosomal protein-based phylogeny provided deep resolution of diverse archaeal lineages (Figure 2 ), recapitulating the placement of most wellclassified TACK superphylum Archaea with bootstrap support. In total, we identified 153 archaeal scaffolds that had at least 8 of the 15 ribosomal protein genes of interest and were thus included in the phylogenetic tree. All 153 archaeal genotypes identified from the Rifle sediment and groundwater are divergent from previously sequenced archaeal genomes and are distributed across the TACK and DPANN superphyla and the Euryarchaeota phylum. Notably, the sediment-associated Archaea studied here are evenly split between the Euryarchaeota phylum (17 genomes), the TACK superphylum (16 genomes), and the DPANN superphylum (14 genomes), while Maximum-likelihood phylogeny of the TACK and DPANN superphyla and Euryarchaeota phylum based on a 15-ribosomal-protein concatenated alignment. Black dots on nodes denote bootstrap support of 100%, while other support values > 50% are reported directly. Phyla are colored and named for clarity. Lineages reported in this study are marked with hexagons: blue for groundwater organisms and green for sediment-associated Archaea, with colored borders on green hexagons indicating the sediment depth from which the organism derives. Genome bins are further marked with stars, with the star color indicating genome completeness (see legend). See also Figure S1 for 16S rRNA analysis that clearly supports the definition of the two newly identified DPANN phyla in this study.
the groundwater-associated Archaea are associated only with the DPANN superphylum (106 genomes).
Although evidence for their activity has been detected during in situ acetate amendment [27] , methanogenic Archaea did not appear to be abundant in the filtrate. From the sediment sample, we detected a novel species falling into the order of Methanosarcinales (Figure 2 ). The additional sedimentassociated euryarchaeotes form two clades, branching with, but distinct from, the Thermoplasmatales and Aciduliprofundum (DVHE2) orders (Figure 2 ). One clade is defined by 14 genome sequences (green branches in Figure 2 ), which are most closely related to the recently isolated human-associated methanogen Methanomassiliicoccus luminyensis [28] . M. luminyensis, along with other recently identified methanogenic Archaea, belongs to a putative seventh order of methanogens, the Methanomassiliicoccales [29] . The second subgroup, represented by two organisms from the current study and two previously described organisms from the marine benthic group D (MBG-D) [9] (Figure 2 , purple branch), places as a deep branch basal to the putative Methanomassiliicoccales order and the uncultured marine group II [30] . Interestingly, the Methanomassiliicoccales order represents a monophyletic group independent of any previously known methanogenic order, sharing ancestry with the marine benthic group D, the marine group II, the DHVE2 group, and the Thermoplasmatales. To determine whether some sediment-associated Archaea are potentially methanogens, we searched for the metabolic mcrA gene from the 4-, 5-, and 6-m assemblies. However, only one full-length mcrA gene was retrieved from the entire dataset; thus, we cannot conclude whether the 14 organisms clustering with the human gut methanogen group are methanogens.
Within the TACK superphylum, we recovered one genome from a member of the Thaumarchaeota and 15 draft genomes that associate with a recently proposed phylum sibling to the Thaumarchaeota and Aigarchaeota, the ''Bathyarchaeota'' [8] ( Figure 2 ). This phylum is currently represented by the partial genome of MCGE09 [9] , sampled from cold anoxic marine sediment, and metagenome-derived sequences from estuarine sediment [8] ; the estuarine sediment organisms could not be included in our concatenated ribosomal protein analysis because the sequences were incomplete. Metabolic analysis of MCGE09 and MBG-D (mentioned above) single-cell genomes revealed that these abundant marine Archaea might be capable of exogenous protein degradation in cold anoxic environments [9] . Detrital protein remineralization is mostly due to the action of extracellular protein-degrading enzymes such as gingipain and clostripain [9] . Here, we identified all of the archaeal scaffolds from the 4-, 5-, and 6-m assemblies; searched for such peptidases; and recovered more than 60 putative peptidases from the clostripain and gingipain families (http://ggkbase.berkeley.edu/genome_summaries/ 434-Peptidases). This expands the potential role of Archaea in protein remineralization to terrestrial anoxic sediment. Indepth metabolic analysis of sediment-associated Archaea will be discussed in a forthcoming manuscript.
Euryarchaeota and TACK superphylum Archaea were not detected in the groundwater samples; however, retention on the prefilter or cell numbers below detection cannot be ruled out. From the DPANN superphylum, we recovered 106 genomes from groundwater and 14 from sediment ( Figure 2 ). Inclusion of these new sequences increases the sampling of this superphylum by a factor of 10. We resolved two new phylumlevel lineages within this radiation based on 100 genomes. The first was defined with high bootstrap support (99%) based on 54 newly sampled archaeal genomes (50 from groundwater and 4 from sediment samples) and three previous single-cell sequences. Given that this level of genomic sampling greatly exceeds that used previously to name phyla and superphyla [14] , we propose the name Woesearchaeota for this phylum, recognizing the pioneering contribution to archaeal phylogeny of the late Professor Carl Woese.
The second highly supported (100%) monophyletic group closely related to the Woesearchaeota is represented by 39 groundwater-associated sequences, 7 sediment-associated sequences, and one previous single-cell sequence. We propose the name Pacearchaeota for this phylum, recognizing the contributions of Professor Norman Pace to archaeal phylogeny and cultivation-independent phylogenetic analyses.
The Aenigmarchaeota and Diapherotrites phyla (DPANN superphylum) are represented by seven and four Archaea sampled in this study, respectively ( Figure 2 ). A further four archaeal genomes improve the taxon representation of the Micrarcheota phyla. In our phylogenetic analyses, the Micrarchaeota and Parvarchaeota are now resolved as distinct lineages, with the Micrarchaeota well supported as a sibling lineage to the Diapherotrites phylum. The final five archaeal genomes (one from sediment and four from groundwater) form a novel, phylum-level clade ( Figure 2 , highlighted in light pink). Additional taxon sampling of this lineage is needed to confirm its placement as a distinct phylum within the DPANN superphylum.
To bolster the concatenated ribosomal protein-based phylogenetic placement of the Woesearchaeota and Pacearchaeota within the DPANN superphylum, we constructed a phylogenetic tree using 60 archaeal 16S rRNA gene sequences. Overall bootstrap values clearly support the definition of these new phyla (100% and 81% support for Pacearchaeota and Woesearchaeota, respectively; Figure S1). Given the suggested threshold of 85% 16S rRNA gene sequence identity as a cutoff value for distinguishing new phyla [31] , 16S rRNA gene identities support the definition of these lineages. No pacearchaeotal or woesearchaeotal 16S rRNA genes share >80% identity with a gene from a different phylum. Indeed, the definition of these radiations as phyla may be conservative, as there is >20% 16S rRNA gene divergence between members of the same radiation. There are thirteen and four groups of organisms segregated by an 80% 16S rRNA gene ID cutoff within the Woesearchaeota and Pacearchaeota, respectively, highlighting the evolutionary breadth contained within these previously unknown lineages.
Genomes for DPANN Superphylum Archaea
Given the lack of sequenced DPANN representatives, we focused our genome reconstruction efforts and metabolic analyses on representatives of this superphylum. Although almost all of the organisms were detected in samples collected during acetate amendment (see below), most DPANN genomes were curated from the pre-acetateamended groundwater (sample A), as the DPANN Archaea were at higher abundance at that time point ( Figure 1B) .
As the first step in genome recovery, we identified scaffolds that were likely archaeal based on the predominance of genes with best matches to archaeal sequences. These were clustered into 21 initial genome bins using an emergent selforganizing map (ESOM) with clustering defined by tetranucleotide sequence composition [32] . The bins were checked for consistency in terms of guanine-cytosine (GC) content and coverage. Next, genome fragments not initially identified as archaeal but with the right GC and coverage statistics were added to the ESOM datasets to identify scaffolds that could be assigned to the bins. Five bins were rejected as partial genomes; analyses focused on the remaining 16 draft genomes ( Figure S2 ).
We selected four of the 16 genome bins, including those for the two most abundant Archaea in groundwater prior to acetate amendment (AR10 and AR20; Figure 1B ), for manual genome curation. The analysis corrected local assembly errors, filled scaffolding gaps, and resolved contig connections to generate two complete (AR10 and AR20) and two near-complete (AR15 and AR5) genomes. Notably, one (AR20) contained nine transposase genes that would have precluded complete genome reconstruction if the genes had occurred in all genomes in the AR20 population (about half of the sampled individuals had a transposase in each location, allowing read pair information to resolve the scaffold connections). The AR20 genome is 0.8 Mb and the AR10 genome is 1.24 Mb in length, both resolved as single, circularized, gap-free sequences. The AR15 genome was reconstructed into a single contiguous sequence (1.16 Mb), but the genome is not closed. The AR5 genome was curated into three contigs with a total length of 0.86 Mb.
To estimate genome completeness for all 16 archaeal genome bins, we used a modified set of 54 conserved single-copy genes previously identified as universally present in archaeal genomes [33] (Figure S3 ). Both the AR10 and AR20 complete genomes encode 100% of the conserved gene set. These highly conserved genes are distributed throughout the genomes (not clustered) and include ribosomal proteins, amino acid tRNA synthetases, a molecular chaperone, and proteins essential for DNA replication and repair. This approach indicates that the 16 genomes are between 50% and 100% complete, with 5 being greater than 90% complete ( Figure S3 ; Table 1 ).
Previously, the DPANN superphylum was represented by five phyla, only one complete genome (Nanoarchaeum equitans; [16] ), and six estimated near-complete genomes (>80% complete; one from Nanoarchaeota, Ca. ''Nanobsidianus stetteri''; two from Parvarchaeota, Ca. ''Parvarchaeum acidophilus'' and Ca. ''Parvarchaeum acidiphilum''; one from Micrarchaeota, Ca. ''Micrarchaeum acidiphilum''; and one from Diapherotrites, Ca. ''Iainarchaeum andersonii''). Our study substantially improves genomic sampling of four important archaeal phyla from the DPANN superphylum:
(1) The AR10 genome is the first complete (finished) genome from the Diapherotrites phylum. The AR21 partial genome is also from this phylum. (2) The AR20 genome is the first complete woesearchaeotal genome. Six near-complete (>70%; AR15, AR4, AR9, AR11, AR17, and AR18) and two partial genomes (AR3 and AR16) are also from this phylum. (3) From the Pacearchaeota, we reconstructed four nearcomplete genomes (AR1, AR6, AR13, and AR19). (4) The Aenigmarchaeota phylum in these samples is represented by one near-complete genome (93% complete; AR5).
Symbiotic and Fermentation-Based Lifestyles for the Novel Archaea
The complete AR20 (Woesearchaeota) genome encodes 1,015 protein-coding genes (31.7% GC). Metabolic reconstruction indicates that most of the core biosynthetic pathways are partial or absent, with features suggesting a possibly symbiotic or parasitic lifestyle. Missing pathways include glycolysis/gluconeogenesis and the pentose phosphate pathway as well as enzymes involved in pyruvate metabolism (Figures 3 and S4) . Also, the tricarboxylic acid-cycle genes or genes encoding respiratory-associated enzymes were not detected. Enzymes involved in carbon metabolism include an acetyl-CoA synthetase and a putative ethanol dehydrogenase (Figures 3 and S4) , which convert acetyl-CoA to acetate and ethanol, respectively. However, pathways that convert carbon compounds to acetylCoA are not present. One enzyme from sulfur metabolism was identified, an ATP sulfurylase, but its relevance to AR20 remains unclear, as other crucial enzymes for this metabolism were not detected. The AR20 genome encodes numerous glycosyltransferases, which are essential for the biosynthesis of saccharide molecules [34] (Figure S4 ) that mediate functions from structure and storage to signaling. The genome also encodes all four See also Figure S2 and Table S1 . Overview of potential metabolic capabilities of two members of the DPANN superphylum, represented by AR20 (Woesearchaeota) (A) and AR10 (Diapherotrites) (B) complete genomes as discussed in the text. A more detailed metabolic analysis is presented in Figure S4 . Substrates and products are not necessarily balanced in the reactions depicted. All putative transporters and A-type ATPases are shown as well as secretory pathways (components of the Sec pathway) and predicted components of flagella. The potential end products from sugar fermentation are colored in green. Red arrows indicate genes missing from pathways, and red ''no entry'' signs indicate whole pathways missing. Blue arrows and dots represent genes identified by transcriptomics (see also genes for the synthesis of deoxythymidine diphosphate (dTDP)-L-rhamnose (rmlA, rmlB, rmlC, and rmlD). dTDP-Lrhamnose is the precursor of L-rhamnose, widely found in Bacteria and plants [35] . It is a common component of the cell wall and the capsule of many pathogenic Bacteria and plays an essential role in pathogenesis in Bacteria [35] . Even though the presence of this precursor has not been reported in Archaea, L-rhamnose was also found in the cytoplasmic membrane of Archaea [36] . AR20 appears to lack complete pathways for biosynthesis of nucleotides (purine and pyrimidine; Figure S4 ) and amino acids (data not shown). On the basis of the genomic data, this organism must rely on environmental sources, coupled with salvage pathways, to meet its purine requirement. AR20 additionally appears auxotrophic for many essential metabolites, although given that the majority of the encoded genes are of unknown function, the possibility remains that these functions are present but the relevant genes are too novel to be identified based on sequence similarity. The genome also encodes for one extracellular, two membrane-bound, and several cytoplasmic peptidases (Figure 3 ) that might generate oligopeptides and amino acids likely used to supplement auxotrophies. Additionally, the AR20 genome contains four genes encoding proteins containing one or more of the following domains: concanavalins/lectins, pectin lyases, fibronectin III, and cell-surface domains found in Bacteria and Archaea ( Figure S4 ). Several are large, up to 2,000 amino acids. Their localization in the cell wall is likely necessary for the organism to interact with its environment.
To date, no Archaea have been identified as pathogens [37] . Archaea produce a range of toxins (archaeocins) that target other Archaea, but these have not been shown to inhibit Bacteria [38] . However, based on a lytic murein transglycosylase functional prediction, Rinke et al. hypothesized that two DPANN Archaea may produce a compound (an w300-aa protein) that could target Bacteria [14] . Lytic murein transglycosylases degrade murein (peptidoglycan) strands, the main components of the bacterial cell wall, by cleaving the glycosidic linkage between N-actetylmuramoyl and N-acetylglucosaminyl residues [39] . Interestingly, AR20 is predicted to have a large (2,166 aa) extracellular enzyme that contains a lytic murein transglycosylase domain. This protein may represent a putative novel class of extracellular lytic enzyme. Given that it is predicted to specifically bind peptidoglycan, it might be involved in interaction with gram-positive bacterial cell walls, consistent with the symbiotic or pathogenic lifestyle proposed for the Woesearchaeota AR20.
The second complete archaeal genome, AR10 (Diapherotrites phylum), encodes 1,341 protein-coding genes (43% GC). AR10 lacks genes for the tricarboxylic acid cycle, NADH dehydrogenase, and a functional cytochrome oxidase (only subunit II is present) and terminal reductases, suggesting a reliance on fermentation for energy (Figures 3 and S4) . Although membrane respiratory complexes were not detected, maintenance of a chemiosmotic membrane potential is predicted to be mediated primarily by an A-type ATP synthase and membrane-bound proton-translocating pyrophosphatase (H + -PPase). Such H + -PPases studied in syntrophic Bacteria translocate protons across the membrane for energy conservation via ATP synthase [40] . The AR10 genome contains no evidence for carbon fixation pathways [41] , indicating a heterotrophic lifestyle.
Unlike the woesearchaeotal AR20, pathways such as glycolysis (Embden-Meyerhof-Parnas), gluconeogenesis, and the nonoxidative pentose phosphate pathways are predicted to be complete or near complete in AR10. As previously reported for a member of the Diapherotrites phylum (Candidatus ''Iainarchaeum andersonii,'' [42] ), the AR10 genome encodes an aspartate transaminase that converts aspartate to oxaloacetate (OAA) and a malate dehydrogenase (oxaloacetate-decarboxylating; Figure 3 ) that converts OAA to pyruvate. Pyruvate may be converted by pyruvate/2-oxoacid-ferredoxin oxidoreductase or pyruvate dehydrogenase (PDH) to acetyl-coenzyme-A, which may be reduced to ethanol by aldehyde and alcohol dehydrogenases. The AR10 genome possesses the beta subunit of acetyl-CoA synthetase, involved in acetate production; however, in the absence of an alpha subunit, its function is uncertain. Ethanol production is the only detected means for AR10 to recycle NADH for sustained glycolysis. Regeneration of oxidized electron carriers other than NADH may be mediated by a bidirectional (NADP) NiFe cytoplasmic hydrogenase [43] (Figure 4) . Type 3b hydrogenases catalyze the reversible oxidation of H 2 with NAD(P)+, and some can reduce sulfur species to H 2 S (sulfhydrogenases, [44] ). When present, this enzyme could consume H 2 to provide the reduced form of nicotinamide adenine dinucleotide phosphate (NADPH) for anabolic metabolism or use polysulfide (or H + ) as terminal electron acceptor during sugar fermentation (producing H 2 S). Alternatively, it could reduce polysulfide for sulfur assimilation during protein biosynthesis if neither sulfate nor Unrooted maximum-likelihood tree of 75 NiFe hydrogenase sequences with hydrogenase class groupings (3a, 3b, 3c, 3d, 1, 2, and 4) and archaeal sequences from this study (blue stars). Reference sequences include those that have been physiologically confirmed and nearest neighbors that lack physiological confirmation. Bootstrap values greater than 50 are shown, based on 100 resamplings. All NiFe hydrogenase sequences from this study can be accessed at http://ggkbase.berkeley.edu/genome_summaries/ 104-genome_metabolism_ARCH2011_2014. sulfite is available. Ethanol, H 2 , and potentially acetate are the likely major fermentation products, as genes involved in production of lactate, butyrate, and other common fermentation pathways were not detected. Recent metabolic prediction for Candidatus ''Iainarchaeum andersonii'' (another Diapherotrite) suggested that it degrades polyhydroxybutyrate (PHB) as a carbon and energy source [42] . The absence of the key enzyme, PHB depolymerase, makes it unlikely that AR10 is capable of metabolizing PHB, highlighting the diversity of metabolic traits within the Diapherotrites phylum.
Beyond energy production, complete or near-complete biosynthetic pathways for de novo synthesis of purines and pyrimidines were detected. Ammonium uptake and assimilation appear to be mediated by an Amt transporter and glutamate dehydrogenase/glutamine synthetase, respectively. Like AR20, AR10 appears to be auxotroph for several amino acids (data not shown), but extracellular, membrane-bound, and cytoplasmic peptidases might generate oligopeptides and amino acids to complement auxotrophies. The AR10 genome encodes proteins containing one or more of concanavalins/lectins, pectin lyases, fibronectin III, and cell-surface domains, suggesting that these Archaea may have a surface coating ( Figure S4 ).
Overall Metabolic Prediction of All Other Near-Complete and Partial DPANN Genomes
Comparative metabolic analyses of 16 groundwater-associated DPANN genomes reveal no evidence for aerobic metabolism. Given the consistent absence of a complete tricarboxylic acid (TCA) cycle, NADH dehydrogenase, and most other electron-transport chain complexes from the oxidative phosphorylation chain (such as complex II, complex III, and complex IV), we infer that fermentative and/or symbiosis-based lifestyles are the predominant metabolic capabilities for all newly described DPANN Archaea in this study ( Figure S4 ).
The 16 genomes exhibit a patchwork of metabolic traits, with no consistent metabolic signal within phylum-level radiations ( Figure S4 ). Some have one or more complete or nearcomplete glycolysis and/or pentose phosphate pathways. Notably, AR15 and potentially AR18 (both Woesearchaeota) have genes supporting the entire pentose phosphate pathway, including both oxidative and nonoxidative branches. The presence of a complete pentose phosphate pathway has previously been reported only in two Nanohaloarchaea, making this a rare pathway in Archaea [13, 45] . As for Nanohaloarchaea, the closest homologs to the woesearchaeotal glucose-6-phosphate dehydrogenase enzymes are most similar to those in Bacteria. It has been proposed that this metabolic capability may have been acquired from Bacteria by ancient horizontal gene transfer [13] .
Eight DPANN Archaea do not encode a mechanism for converting the sugar-derived pyruvate to acetyl-CoA or any other intermediate ( Figure S4 ). Other Archaea in the environment may generate acetyl-CoA from free pyruvate using pyruvate dehydrogenase (PDH: AR19, Pacearchaeota; AR3, AR9, and AR15, Woesearchaeota) or pyruvate/2-oxoacid-ferredoxin oxidoreductase (in AR5, Aenigmarchaeota) ( Figure S4 ).
AR4 and AR16 (both Woesearchaeota) are capable of generating ATP by converting acetyl-CoA to acetate via acetate kinase and phosphate acetyltransferase. In contrast, the AR15 (Woesearchaeota) genome encodes the single enzyme variant acetyl-coenzyme A (acetyl-CoA) synthetase (ADP-forming), involved in acetate formation and energy conservation (Figure S4; [46] ). Phylogenetic analysis (data not shown) reveals that AR3 and AR13 possess an adenosine monophosphate (AMP)-forming acetyl-CoA synthetase, the key enzyme for converting acetate to acetyl-CoA and an essential intermediate at the junction of anabolic and catabolic pathways [47] .
AR3, AR4, AR11, AR15, and AR16 (Woesearchaeota) may be capable of generating energy via substrate-level phosphorylation by coupling a membrane proton-motive force (PMF) to ATP generation via an A-type ATPase. In AR3, AR4, and AR15 (Woesearchaeota) and AR5 (Aenigmarchaeota), an alternative route for ATP generation relies on proton pumping by membrane-bound pyrophosphatases (H + -PPases). Putative lactate dehydrogenases or malate/lactate dehydrogenases (rather than enzymes that produce ethanol) provide AR4, AR9, AR11, AR15, and AR18 (Woesearchaeota) with a pathway for fermentation and regeneration of NAD + . AR3 and AR4 (Woesearchaeota) and AR13 (Pacearchaeota) are predicted to have a saccharolytic and fermentative lifestyle. Putative extracellular and cytoplasmic glycoside hydrolases indicates their potential ability to degrade and utilize complex carbon compounds. Indeed, AR3, AR4, and AR13 have genes encoding a predicted secreted alpha-amylase (PF03065), an amylo-alpha-1,6-glucosidase (PF06202; AR3 and AR4), and one or two glycosyl hydrolases of family 15 (PF00723; AR4 and AR13).
AR3 and AR4 (Woesearchaeota) may be capable of synthesizing and/or utilizing glycogen, a common energy-storage polysaccharide, as they have several genes encoding enzymes for starch and glycogen metabolism ( Figure S4 ). Like AR10 (Diapherotrites), AR3 and AR13 possess a cytoplasmic type 3b bidirectional (NADP) hydrogenase (Figure 4) . Thus, AR3 and AR13 might produce H 2 during fermentation or H 2 S when polysulfide is available, or consume H 2 to produce NADPH for anabolic metabolism.
There is evidence within three of the archaeal genomes for carbon fixation, a function of great interest for carbon cycling in the subsurface. The AR1 and AR19 (Pacearchaeota) and AR5 (Aenigmarchaeota) genomes encode for a type III archaeal ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO). If functional in a nucleotide salvage pathway, this may produce 3-phosphoglycerate that enters glycolysis for energy generation [48] [49] [50] (Figure 5A) . Interestingly, the RuBisCO from AR1 represents the first nonmethanogen type II/ III intermediate form, which is predicted to be functionally comparable to the type III archaeal RuBisCO [23] (Figure 5 ). The AR1 RuBisCO possesses the conserved catalytic residues and an additional 29-aa sequence ( Figure 5B ), similar to the enzymes of bacterial candidate phyla SR1 and methanogens [23, 49, 51] . Protein modeling and protein sequence alignment revealed that this ''extra'' loop displays a consensus motif rich in acidic and hydrophobic residues ( Figure 5B ). The AR19 genome encodes a divergent type III RuBisCO most closely similar to that of Aciduliprofundum boonei (43% amino acid identity) ( Figure 5C ). Sequence analysis and protein modeling revealed an N-terminal extension of 18 amino acids and a unique additional 11-aa sequence ( Figure 5C ), which may explain its placement as a long branch on the RuBisCO tree.
Laterally Transferred Metabolic Features of DPANN Archaea
Genomic analysis of AR10 (Diapherotrites), AR1 (Pacearchaeota), and AR9, AR15, and AR20 (Woesearchaeota) revealed full-length multidomain RelA/SpoT enzymes belonging to the RelA/SpoT homolog (RSH) superfamily that synthesize and/or hydrolyze the small intracellular signaling molecule ppGpp [52] (Figures 6A and S4) . ppGpp (guanosine 5 0 -diphosphate, 3 0 -diphosphate) and pppGpp (guanosine 5 0 -triphosphate, 3 0 -diphosphate) are alarmones that modulate gene activity, part of the bacterial ''stringent'' response to environmental perturbations. RelA is implicated in responses to amino acid starvation, whereas SpoT is involved in responses to other stresses [54] . RelA and SpoT have four functional domains required for function: the ppGpp synthetase domain, the ppGpp hydrolase domain (both located in an N-terminal enzymatic domain), and the TGS and ACT regulatory domains (located in the C terminus) [52] (Figure 6A) . Although a single-domain ppGpp synthase has been reported in Methanosarcina acetivorans and a singledomain ppGpp hydrolase was found in four euryarchaeotes, no archaeon was previously found to have both a synthase and a hydrolase domain [52] (Figure 6A ). Very little is known about the stringent response in Archaea, and ppGpp accumulation has not been found in this domain of life [55] . Recently, it was proposed that two partial single-cell DPANN archaeal genomes encode for full-length multidomain RelA/SpoT homologs [14] ( Figure 6A ) that were likely acquired via ancient gene transfer from Bacteria [14] . The current study expands the finding of complete multidomain RSH in the domain Archaea, indicating the potential existence of the RSH-mediated stringent response for some DPANN Archaea (Figures 6A and S4) .
We examined the 106 newly sampled groundwater-associated archaeal genomes for evidence of other possible lateral gene transfer events. Previously, analysis of a single DPANN genome revealed a putative oxidoreductase most closely related to a predicted protein from the slime mold Dictyostelium discoideum [14] . We identified a further 17 archaeal-encoded oxidoreductases that affiliate within domain Eukaryota ( Figure 6B was moderately well sampled in A2 (601 to 6,558 reads mapping to between 7% and 52% of the predicted genes across A2-F2). The consistent detection of AR10 transcripts indicates that this genotype was active across the time-series experiment (Table S2) .
First, we compared the transcriptomes of AR10 in all 0.2-mm datasets (Table S2A) . Notably, the AR10 transcriptome shifted dramatically between the first sample (prior to acetate addition, A2) and first sample collected after acetate amendment began (B2). The most highly sampled transcript in A2 is associated with an extracellular S-layer protein; this transcript is less abundant in all subsequent samples. A gene with putative function in nucleotide synthesis is the most abundant transcript in B2, C2, and E2. However, no specific gene (including genes with no known function) was overrepresented in all acetate-amended samples relative to A2. Similarly, no gene was strongly underrepresented in all samples relative to A2. The transcriptome in F2, after acetate addition ceased, returned to a state more similar to that of A2 (Table S2A ). Most importantly, the results demonstrate that in addition to being active throughout the time course, AR10 transcripts were changing with environmental conditions over the experiment (Table  S2A) .
The largest changes in transcript abundances (5-fold greater in B2 than A2) were for genes encoding ribosomal proteins, cell-surface proteins, and many proteins of unknown function. DNA-and RNA-associated informational genes are also more highly represented in later samples. This is interesting, given the strong decrease in relative abundance of AR10 in samples B2 through F2 compared to A2. To further evaluate this, we normalized the transcriptome data to account for the decrease in transcript levels due simply to decrease in relative abundance of AR10 cells (see Figure 1 ) over the time series (Table  S2B) . We found that AR10 total transcript levels decreased far less than predicted based on cellular abundance levels. In fact, the data indicate that the activity of AR10 increased between 1.7-fold (in F2) and 6.6-fold (in D2) in samples B2 through F2. In other words, AR10 responded to change in its environment by increasing cellular biosynthesis processes, but not to the extent seen for other organisms. As AR10 does not seem to possess the complete machinery to use acetate as a substrate, the response might be an indirect effect.
We also evaluated the overall metabolic investments in AR10, focusing only on genes encoding proteins with a functional prediction (Table S2C) . Notable were investments in central carbon metabolism (glycolysis, gluconeogenesis, pentose phosphate pathway, pyruvate metabolism) and fermentation (acetate and H 2 production or consumption), ammonium assimilation, and heavy investment in cell-surface-associated proteins. In combination, the data are consistent with a fermentative lifestyle for AR10, possibly with a switch in substrate following the acetate-induced bloom of other community members [56] . from uncultured organisms has improved taxonomic resolution (for example [3, [57] [58] [59] ), but the positions of several major branches of the archaeal domain remain unresolved. Here, we significantly expanded the inventory of 16S rRNA gene and protein sequences for many members of previously genomically shallowly sampled or unsampled archaeal radiations. This approximately doubled the genomic diversity sampled from the archaeal domain, based on the concatenated ribosomal protein tree (Figure 2 ). The concatenated alignment yields a phylogenetic tree with resolution commensurate to that of a 16S rRNA gene phylogeny and, as more ribosomal proteins are assembled from our data, substantially augments insight provided by the 16S rRNA gene sequences. Use of both approaches indicates that Parvarchaeota and Micrarchaeota are not monophyletic as previously suggested [14] and clearly resolves the new Woesearchaeota and Pacearchaeota phyla. Notably, our results suggest a major subdivision within the archaeal domain, with the TACK superphylum and Euryarchaeota phylum branching together to the exclusion of the DPANN archaeal superphylum.
Conclusions
Currently, only few hundred archaeal genomes are publicly available in the Integrated Microbial Genomes (IMG) database. This study contributed new sequence information for 153 Archaea without the limitation of cultivation (Figure 2) . The unprecedented reconstruction of two complete (finished) genomes for members of the DPANN superphylum allowed confident prediction of incomplete or absent pathways and, for the first time, directly verified the small genome size inferred for these organisms.
The DPANN superphylum, as rendered in the concatenated protein tree, includes all known Nanoarchaea and is represented only by organisms that have not been brought into pure culture [10] . Our results, combined with those of prior studies, suggest that a DPANN superphylum-wide characteristic sampled to date is small genome size with limited metabolic capacities. We predict that many DPANN Archaea have fermentation-based lifestyles and/or are symbionts, and thus are dependent upon other organisms for basic metabolic requirements.
It is striking that these predictions for DPANN Archaea closely parallel recent findings for a putative bacterial superphylum with no isolated representatives [14, 23, 51] . Like the DPANN Archaea, these Bacteria are predicted to have small genomes, lack many core metabolic pathways, and are suggested to have fermentative and possibly symbiotic lifestyles [23, 51] . In both radiations, the genomes encode a large fraction (w50%) of predicted open reading frames (ORFs) with no predicted functions. The clear identification of information system proteins (e.g., polymerases and ribosomal proteins) and certain metabolic components (e.g., hydrogenases, glycolysis, ATP synthetases, and RuBisCO) confirms that the ORF predictions are accurate, making these unknown proteins a potential trove of metabolic novelty. Although the picture may change as new information about protein functions and more genomic sequences accumulate, the currently available data point to similar evolutionary phenomena involving a significant fraction of the membership of two of the three major branches of the tree of life.
Accession Numbers
All of the sequences and annotations determined in this study can be accessed at http://ggkbase.berkeley.edu/GW2011_AR/organisms. All of the archaeal genomes are also available at NCBI under BioProject number PRJNA268032 with the following accession numbers: JWKN00000000 (AR1), JWKO00000000 (AR3), JWKP00000000 (AR4), JWKQ00000000 (AR5), JWKR00000000 (AR6), JWKS00000000 (AR9), JWKT00000000 (AR11), JWKU00000000 (AR13), JWKV00000000 (AR16), JWKW00000000 (AR17), JWKX00000000 (AR18), JWKY00000000 (AR19), JWKZ00000000 (AR21), CP010424 (AR10), CP010425 (AR15), and CP010426 (AR20). All predicted 16S gene and ribosomal protein sequences have been deposited at NCBI under BioProject number PRJNA269172. 
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